Introduction {#s1}
============

The recent years have seen a burst in studies searching for signatures of genetic adaptation in a variety of organisms, including natural populations and domesticated plants and animals \[[@pbio-0060251-b001]--[@pbio-0060251-b012]\]. These studies suggest that adaptation is a pervasive force in evolution. However, many fundamental questions, for instance, the relative contribution of coding versus regulatory changes, point mutations versus structural changes, or different functional genic classes to adaptation, remain largely unanswered. Despite its central significance for all of biology, the genetics of adaptation remains very poorly understood.

One question that is still unanswered is the role that transposable elements (TEs) play in adaptation. One might expect that TEs participate in adaptation since TEs are potent sources of mutation and are known to contribute to the function and evolution of genes and genomes in a variety of ways \[[@pbio-0060251-b013]--[@pbio-0060251-b015]\]. TEs (1) play an important role in the structural evolution of genomes through the generation of various types of rearrangements \[[@pbio-0060251-b014],[@pbio-0060251-b016]\], (2) donate regulatory sequences that control the expression of nearby genes \[[@pbio-0060251-b017]--[@pbio-0060251-b020]\], (3) become incorporated into coding sequences at the transcript level \[[@pbio-0060251-b021]--[@pbio-0060251-b024]\], and (4) have their genes recruited by the host genomes for key functions \[[@pbio-0060251-b025]\].

A common genomic effect of TEs is the induction of mutations. For instance, in Drosophila melanogaster, TEs are responsible for approximately 80% of the visible spontaneous mutations \[[@pbio-0060251-b026]--[@pbio-0060251-b028]\]. Most of the TE insertions are found at low frequencies, suggesting that the majority of the mutations they generate are deleterious \[[@pbio-0060251-b029],[@pbio-0060251-b030]\]. TEs may be deleterious because they disrupt genes, because the translation of TE-encoded proteins may be costly, and also because they may mediate deleterious chromosomal rearrangements \[[@pbio-0060251-b031]\]. Only a few examples of TEs found at high population frequencies have been reported \[[@pbio-0060251-b032]--[@pbio-0060251-b039]\]. In two cases, there is good evidence that these high-frequency TEs have been adaptive in the recent evolution of D. melanogaster \[[@pbio-0060251-b033],[@pbio-0060251-b038]\]. However, a systematic search for adaptive TEs in the D. melanogaster genome has never been carried out.

D. melanogaster is a particularly good model to analyze the contribution of TEs to adaptive evolution since it has one of the highest-quality genome sequences and annotations of TEs in eukaryotes \[[@pbio-0060251-b040],[@pbio-0060251-b041]\]. D. melanogaster is also a particularly good model to study specifically recent TE-induced adaptation, since this species, originally from sub-Saharan Africa, expanded its population size worldwide very recently \[[@pbio-0060251-b042],[@pbio-0060251-b043]\]. It appears that the expansion out of Africa into Europe took place approximately 10,000--16,000 y ago or equivalently 0.1 to 0.3 *N* ~e~ generations ago \[[@pbio-0060251-b044],[@pbio-0060251-b045]\]. As a result, we might expect that adaptations to the out-of-Africa environments that D. melanogaster is likely to have experienced \[[@pbio-0060251-b001],[@pbio-0060251-b004],[@pbio-0060251-b046]\] might still be detectable as partial or complete selective sweeps \[[@pbio-0060251-b047]\]. In addition, it should be easier to carry out genetic, phenotypic, and functional analyses of recent TE-induced adaptations given that such TEs would still be segregating in the D. melanogaster population, allowing for straightforward genetic manipulations. Note that the inference of partial or complete selective sweeps is complicated by the bottleneck that D. melanogaster appears to have experienced during the spread out of Africa \[[@pbio-0060251-b044],[@pbio-0060251-b045]\]. It has been shown that bottlenecks alone can produce patterns of nucleotide variability that mimic those expected under selection \[[@pbio-0060251-b004],[@pbio-0060251-b046],[@pbio-0060251-b048]--[@pbio-0060251-b050]\]. Demography must therefore be taken into account before making any inferences of selective sweeps due to putatively adaptive TEs.

We used the annotated TEs in Release 3 of the D. melanogaster genome \[[@pbio-0060251-b051]\] as the starting point for our search for TEs that contributed to recent adaptation outside of Africa. We provide evidence for a high rate of TE-induced recent adaptive changes. The analysis of the set of adaptive TE insertions allows us (1) to estimate the minimum contribution of TEs to adaptive evolution, (2) to gain insight into the type of genes that have been targets of positive selection, (3) to assess the relative contributions of adaptive evolution in coding versus regulatory regions, and (4) to estimate the relative importance of new mutations versus standing variation. The estimated rate of adaptive transposition is unexpectedly high and inconsistent with the relatively small number of fixed TEs in the D. melanogaster genome. We discuss the implications of these results for the understanding of adaptation in *D. melanogaster.*

Results {#s2}
=======

Data {#s2a}
----

The third release of the D. melanogaster genome sequence identified 1,572 TEs belonging to 96 distinct families scattered across the euchromatic portion of the genome \[[@pbio-0060251-b051]\]. These TEs were identified by using BLAST to compare a reference dataset of canonical TE sequences against the genomic sequence. Only the euchromatic TE sequences displaying over 90% identity over more than 50 base pairs of sequence with the canonical TEs have been included in this set \[[@pbio-0060251-b051]\].

We used these 1,572 TEs as a starting point to determine population frequencies of the majority of euchromatic TEs. To obtain these frequencies, we employed a pooled-PCR strategy. PCRs were run with six DNA pools containing DNA from five different North American (NA) populations and one pool containing DNA from one sub-Saharan (Malawi) African (AF) population. Each DNA pool contained DNA from eight to 12 individual, isofemale, or highly inbred strains (see [Materials and Methods](#s4){ref-type="sec"}). Not all the TEs in the Release 3 have been assayed---for 415 of them, specific primers could not be designed because the regions flanking the insertion were repetitive (see [Materials and Methods](#s4){ref-type="sec"}). Release 4 of the D. melanogaster genome \[[@pbio-0060251-b041]\] corrected the annotation of approximately half of the elements in Release 3. The reannotation revealed that the primers had not been designed correctly for 225 TEs---we discarded the results for such TEs. As a result, we have information for 932 out of 1,572 TEs. For 695 of these TEs, we have information from all six NA pools, and for an additional 207 TEs, we have information from at least four NA pools. These 902 TEs form the starting point for our search for recent adaptive TE insertions ([Figure 1](#pbio-0060251-g001){ref-type="fig"}; [Table S1](#pbio-0060251-st001){ref-type="supplementary-material"}).

![The Outline of the Procedure for the Identification of Putatively Adaptive Insertions](pbio.0060251.g001){#pbio-0060251-g001}

Identifying TEs Frequent in NA by Pooled-PCR {#s2b}
--------------------------------------------

Our goal is to identify TEs that may have contributed to adaptation after the expansion of the D. melanogaster population out of Africa. Therefore, we focused on identifying TEs that are rare or absent in Africa and are frequent or fixed in North America.

We start by identifying TEs present in all of the NA pools and not fixed in the AF pool. Specifically, we searched for insertions that (1) were clearly present in at least four NA pools, (2) were not clearly absent in any of the NA pools, and (3) were not fixed in the AF pool. Most of the 902 TEs are present at low population frequencies: 347 are only present in the sequenced strain, and another 341 TEs are either present at low frequencies in the five analyzed NA populations or gave ambiguous PCR results for more than two pools. A total of 214 TEs fulfill the first two criteria and therefore are more likely to be present at intermediate frequencies in the NA populations ([Figure 1](#pbio-0060251-g001){ref-type="fig"}; [Table S1](#pbio-0060251-st001){ref-type="supplementary-material"}); 113 of these 214 TEs appear fixed in all of the pools, including the AF pool. An additional 27 are polymorphic in NA pools but are fixed in the AF pool. Some of these TEs may have contributed to adaptation but are less likely to be recent and to have specifically contributed to adaptation associated with the out-of-Africa expansion. We eliminated these TEs from further consideration, leaving us with the set of 74 TEs.

Some of these remaining 74 TEs are present in the regions of low recombination ([Table S1](#pbio-0060251-st001){ref-type="supplementary-material"}). TEs in the low-recombination areas are likely to be subject to weaker purifying selection due to a lower rate of ectopic recombination \[[@pbio-0060251-b035],[@pbio-0060251-b052]--[@pbio-0060251-b054]\] and higher population stochasticity due to stronger background selection and stronger effect of linked positive selection \[[@pbio-0060251-b055]--[@pbio-0060251-b058]\]. The high-frequency TEs found in low-recombination areas are more likely to be neutral, and therefore to represent false positives, than those found in high-recombination areas. We eliminated the TEs present in low-recombination regions of the genome (\<1.4 cM/Mb) from further analysis. At the end, based on pool frequency data, we identified 38 TEs that are located in regions of high recombination, are not fixed in sub-Saharan Africa, and which might be frequent in NA ([Figure 1](#pbio-0060251-g001){ref-type="fig"}; [Table S1](#pbio-0060251-st001){ref-type="supplementary-material"}). We focus on these 38 TEs for the remainder of this paper.

Age of the TEs {#s2c}
--------------

We assessed the age of the 38 TEs by comparing their sequences to the consensus sequences of their families. We considered a TE insertion to be old when its divergence from the consensus sequence was higher than 1%. Using this criterion, we identified elements FBti0019418 and FBti0019634 from the *1360* family, FBti0019372 and FBti0020119 from the *S-element* family, and FBti0020114 and FBti0019081 from the *transib2* family as potentially old ([Table 1](#pbio-0060251-t001){ref-type="table"}).

###### 

Individual Strain Frequency Data for the 38 TEs That Are Located in Regions of High Recombination and Are Likely to Be Frequent in NA and Rare in Sub-Saharan AF According to the Pooled-PCR Results

![](pbio.0060251.t001)

However, the possibility remains that these insertions are recent insertions of TEs whose sequence differ from that of the consensus. For the six putatively old insertions, we compared the sequence to other annotated TEs in the same family and also performed BLAST queries against the whole genome to search for closely related, but not annotated, copies (see [Materials and Methods](#s4){ref-type="sec"}).

For FBti0019372, FBti0020119, FBti0020114, and FBti0019081, we found other elements in their respective families that showed less than 1% divergence, indicating that they are likely to be recent insertions ([Table 1](#pbio-0060251-t001){ref-type="table"}). FBti0019418 showed more than 1% divergence when compared to all the other identified copies belonging to the *1360* family. However, we discovered a new *1360* TE copy that is nested inside an element annotated as a *Cr1a* TE (FBti0059655) and is very similar to FBti0019418 (0.18% divergence). Only one *1360* copy (FBti0019634) is more than 1% divergent both from the *1360* consensus sequence and from any other *1360* copy in the genome. Consistently with its age estimate, FBti0019634 appears fixed in the AF pool ([Table 1](#pbio-0060251-t001){ref-type="table"}).

Filtering out Rare TEs Using PCR with Individual Strains {#s2d}
--------------------------------------------------------

The presence of a TE in all six NA pools suggests, but does not guarantee, that it is present at high frequency in the NA population. Indeed, a TE present at a 10% frequency in the population has an approximately 13% chance of being present in all six pools containing 12 strains each. To filter out the TEs present at a low frequency in the NA population and to verify the pooled-PCR results, we carried out PCRs with individual strains for all 38 putatively frequent TEs.

Results are shown in [Table 1](#pbio-0060251-t001){ref-type="table"}. Overall, we confirmed the results obtained with the pooled-PCR strategy. For two elements, FBti0020042 and FBti0020056, we could not detect the presence of the TE in any of the tested strains within a pool. In both cases, we can explain this by the inability to test every strain from the original pools because some strains were no longer available.

For most of the PCRs, we obtained a single band of the expected size, indicating that the primers were specifically amplifying the region of the genome where the TE was identified. We only found three exceptions. For a *pogo* element, FBti0019627, we obtained several bands besides the expected band for the presence of the element in all the strains assayed. We cloned and sequenced these amplification products and identified the band that contained this particular TE. We considered FBti0019627 to be present only when the PCR amplification products contained this specific band ([Table 1](#pbio-0060251-t001){ref-type="table"}).

For a *297* element, FBti0018868, and for a *roo* element, FBti0019985, the results obtained with the primers designed to check for the presence of the TE were not consistent with the results obtained with the primers designed to check for its absence. FBti0019985 also showed variability in the amplicon length. The specific reasons for these results are being currently investigated. These two elements were not considered further in this analysis ([Table 1](#pbio-0060251-t001){ref-type="table"}).

Of the remaining TEs, a number are rare in North America and/or frequent in Africa. We used an ad hoc cutoff of 30% to define frequent TEs. Using this cutoff, we eliminated eight TEs present at 30% or lower frequency in the NA strains and seven TEs present at 30% or higher frequency in the AF strains ([Table 1](#pbio-0060251-t001){ref-type="table"}). At the end, we have 21 TEs for which we have unambiguous evidence that they are frequent in North America and rare in Africa.

Selection Coefficients of the TE Families {#s2e}
-----------------------------------------

Some TEs belong to families in which the majority of copies are present at high frequency in the NA population and thus are unlikely to be adaptive. Instead, it is more plausible that such TE families are subject to relaxed purifying selection as a whole \[[@pbio-0060251-b035]\]. Using a maximum likelihood approach (see [Materials and Methods](#s4){ref-type="sec"}), we estimated the selection coefficient for the 11 families represented in our list of 21 putatively adaptive TEs based on the NA pooled PCR data ([Table 1](#pbio-0060251-t001){ref-type="table"}). Three of the families, *BS*, *X-element*, and *hopper*, show selection coefficients that are not significantly different from zero, indicating that these families are likely to be under relaxed purifying selection ([Table S2](#pbio-0060251-st002){ref-type="supplementary-material"}). For one of these families, the *BS* family, we have additional sequencing data that show that a number of the TEs in this family appear to have increased in frequency neutrally \[[@pbio-0060251-b050]\]. Eight elements in our list belong to one of these three families ([Table 1](#pbio-0060251-t001){ref-type="table"}). We considered these eight TEs to be putatively neutral and the remaining 13 TEs to be putatively adaptive ([Figure 1](#pbio-0060251-g001){ref-type="fig"}).

Presence of the Putatively Adaptive TEs in African Populations {#s2f}
--------------------------------------------------------------

Only one of the 13 putatively adaptive insertions is present in the analyzed AF population. However, we sampled only 11 Malawi strains. In addition, there might be substantial structure in the D. melanogaster population in sub-Saharan Africa \[[@pbio-0060251-b059]\] that might be further exacerbated by natural selection acting on the putatively functional TE insertions studied here. Moreover, we already know that one TE in our set, FBti0019430, is absent in the analyzed Malawi population but is present in 17% of the strains from a population collected in Kenya \[[@pbio-0060251-b038]\]. For the 11 TEs that were not present in the Malawi population, we extended the analysis to three other sub-Saharan populations: two from Zimbabwe and one from Kenya ([Table 2](#pbio-0060251-t002){ref-type="table"}). Seven out of 11 insertions were present in at least one of the pools assayed. Only two of them, FBti0018880 and FBti0019372, are absent in all three additional pools of AF strains. No results were obtained for the remaining two TEs ([Table 2](#pbio-0060251-t002){ref-type="table"}). We conclude that most putatively adaptive TEs are present in sub-Saharan Africa.

###### 

The 13 Adaptive TE Insertions Identified in This Work
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Signatures of Positive Selection in the Regions Flanking the Putatively Adaptive TEs {#s2g}
------------------------------------------------------------------------------------

We investigated whether the identified 13 TEs are truly adaptive by searching for signatures of a partial selective sweep in the regions flanking the TEs. We sequenced the flanking regions in four out of the 13 insertions. Two of these four TEs, a *Bari1* element (FBti0018880) and a *pogo* element (FBti0019627) ([Table 1](#pbio-0060251-t001){ref-type="table"}), are present in 93% of the assayed NA strains. We also sequenced two TEs present at lower frequencies: another *pogo* element (FBti0019065) and an *F* element (FBti0019170). These insertions were found in 42% and 35% of the assayed NA strains, respectively ([Table 1](#pbio-0060251-t001){ref-type="table"}).

First, we performed individual strain PCRs for the three additional AF populations to estimate the frequency of these four TEs in the AF populations. FBti0018880 is absent in all the tested strains, and the three other insertions, FBti0019065, FBti0019170, and FBti0019627, are present at low frequencies (3% to 10%) in the tested AF populations ([Table 2](#pbio-0060251-t002){ref-type="table"}). Therefore, we are confident that they have increased in frequency either during or after the expansion out of Africa.

[Figures 2](#pbio-0060251-g002){ref-type="fig"} through 5 show the sequencing data for the flanking regions around these four TEs. The sequences from the strains with and without the TEs are separated by a black line, and the filled-in box indicates the position where the TE is inserted. A summary of the sequencing data is given in [Table 3](#pbio-0060251-t003){ref-type="table"}. FBti0019627 was present in all but three of the assayed NA strains ([Table 1](#pbio-0060251-t001){ref-type="table"}). We sequenced the three strains that did not contain the element: Wi98, We4, and We47. In two cases, We4 and We47, we found evidence for an independent excision event of the TE. Both strains contain the two-nucleotide target site duplication (TA) and two nucleotides that belong to the TE. We only consider a strain not to have the insertion if it does not show any evidence of excision. Therefore, we excluded these two sequences from the subsequent analysis.

![Sequence of the 2.1-kb Region Flanking FBti0018880\
The figure shows the segregating sites (SS) within the 2.1-kb region flanking this insertion. The SS number, the gene associated with the insertion, and the length of the sequenced region are at the top. The distance from FBti0018880 is also shown. The SS within coding regions are in bold and are identified as replacement (R), synonymous (S), or nonsense (NS) polymorphisms. The TE is shown as a black rectangle; the absence of the TE is shown as an empty rectangle. A horizontal line separates the strains with the insertion from the strains without the insertion.](pbio.0060251.g002){#pbio-0060251-g002}

![Sequence of the 3.9-kb Region Flanking FBti0019627.\
See [Figure 2](#pbio-0060251-g002){ref-type="fig"} for details.](pbio.0060251.g003){#pbio-0060251-g003}

![Sequence of the 3.4-kb Region Flanking FBti0019065.\
See [Figure 2](#pbio-0060251-g002){ref-type="fig"} for details.](pbio.0060251.g004){#pbio-0060251-g004}
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Summary of the Sequencing Data
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As can be seen in [Figures 2](#pbio-0060251-g002){ref-type="fig"} through 5, similar polymorphism patterns are found around all four analyzed TEs. The strains with the TE show a reduced amount of polymorphism and fewer haplotypes compared to the strains without the insertion. These observations are consistent with the expectations of a selective sweep. However, the recent bottleneck likely experienced by the NA strains \[[@pbio-0060251-b042]--[@pbio-0060251-b045]\] can produce patterns on DNA sequence variation that mimic signatures of positive selection in a population of constant size \[[@pbio-0060251-b008],[@pbio-0060251-b048]--[@pbio-0060251-b050],[@pbio-0060251-b060],[@pbio-0060251-b061]\]. Specifically, a search for the D. melanogaster TEs (or any polymorphisms) that are rare in the ancestral AF population and are common in the derived NA populations is expected to bias the results toward finding patterns resembling those of partial selective sweeps \[[@pbio-0060251-b050]\].

Macpherson et al. \[[@pbio-0060251-b050]\] employed coalescent simulations to explore how ascertainment biases, demography, purifying selection against the TE, and suppression of recombination caused by the TE affect the interpretation of polymorphism data. They analyzed the flanking sequences of five TEs. One TE belongs to our set of 13 putatively adaptive TEs---it is a *Doc* element (FBti0019430) that is quite likely to be adaptive as it disrupts a conserved gene and is linked to resistance to organophosphate and carbamate pesticides \[[@pbio-0060251-b038]\] (Y. T. Aminetzach, T. Karasov, and D. A. Petrov, unpublished data). The other four are *BS* elements: FBti0018879, FBti0019133, FBti0019410, and FBti0019604. These four BS elements belong to our set of eight putatively neutral TEs ([Table 1](#pbio-0060251-t001){ref-type="table"}). Macpherson et al \[[@pbio-0060251-b050]\] showed that the null model of neutrality and constant population size was strongly rejected for all five datasets. However, when the null models included the demographic scenarios specified in Thornton and Andolfatto \[[@pbio-0060251-b045]\] or Li and Stephan \[[@pbio-0060251-b044]\], only the presumably adaptive TE insertion (FBti0019430 \[[@pbio-0060251-b038]\]) showed signatures of positive selection. Incorporating purifying selection and recombination suppression to the null model strengthens this result although it did not change the conclusions qualitatively \[[@pbio-0060251-b050]\].

In view of these results, we decided to explore whether the haplotype configuration of the four insertions sequenced in this work depart from neutrality by considering a null model that incorporates the bottleneck scenario specified in Thornton and Andolfatto \[[@pbio-0060251-b045]\] and ascertainment of a derived polymorphism at a prespecified frequency matching that found in the data (see [Materials and Methods](#s4){ref-type="sec"}). We estimated several statistical measures of polymorphism and compared them with the distributions obtained by simulation under this null model ([Table 4](#pbio-0060251-t004){ref-type="table"} and [Table S3](#pbio-0060251-st003){ref-type="supplementary-material"}). The integrated haplotype score (iHS) statistic is expected to be the most powerful indicator of a partial selective sweep \[[@pbio-0060251-b008]\]. We also estimated the proportion of nucleotide diversity within the haplotypes linked to the TE relative to the total nucleotide diversity in the sample, *f* ~TE~ = π~TE~/(π~TE~ + π~non−TE~). [Table 4](#pbio-0060251-t004){ref-type="table"} shows iHS and *f* ~TE~ statistics both for the four elements sequenced in this work and for the five other elements studied previously \[[@pbio-0060251-b050]\]. In all five putatively adaptive cases, we found significant departures from neutrality. The *f* ~TE~ values observed for the elements FBti0019065 and FBti0019170 are seven and four standard deviations away from the expected values, respectively. The iHS statistic for these two TEs was not significant potentially because only NA strains were sequenced \[[@pbio-0060251-b062]\]. For the other two TEs, FBti0018880 and FBti0019627, the iHS statistic showed significant deviations in the direction expected under a partial selective sweep. The observed values were five and four deviations away from the expectation, respectively. These results demonstrate that all five investigated putatively adaptive TEs show stronger signatures of positive selection than four investigated putatively neutral TEs. This suggests that the rest of the 13 insertions might be highly enriched for adaptive TEs as well.

###### 

Neutrality Tests for Each of the Four TEs Sequenced in This Work
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The sequencing allowed us to determine whether the four newly sequenced TEs were the causative agents of the sweeps rather than being passively linked to such causative mutations. In all four cases, the TE was located in the center of the apparent sweep, with the haplotype structure decaying on both sides. It is theoretically possible that the TE is in perfect linkage with a causative polymorphism located in the immediate vicinity of each TE. However, we did not find any such polymorphism in any of the four datasets.

Estimating the Age of the Sweeps {#s2h}
--------------------------------

The age of a partial selective sweep can be estimated by measuring the extent to which linkage disequilibrium decays at a known distance from the presumed focal site of adaptation \[[@pbio-0060251-b063]\]. For all four studied TEs, we sequenced 500-bp regions at approximately 10 kb away from each TE in several strains with and without the insertion (see [Materials and Methods](#s4){ref-type="sec"}). We used the method of Slatkin and Rannala \[[@pbio-0060251-b063]\] to estimate that the partial selective sweeps associated with the elements FBti0019065 and FBti0019627 are approximately 0 to 500 y old, and those associated with the elements FBti0018880 and FBti0019170 are approximately 0 to 800 y old. Although being rough estimates of the age of the alleles, they agree with the scenario in which these partial selective sweeps have taken place after the out-of-Africa expansion of D. melanogaster.

Testing for the presence or absence of these TEs in the M strains can also yield insight about the time of the spread of the TEs in the NA population. M strains are old laboratory stocks that were established before the 1940s and can be molecularly defined by the absence of the *P* elements in their genome \[[@pbio-0060251-b064]\]. Therefore, TEs found at a high frequency in the modern D. melanogaster populations, but which are absent or rare in the M strains, most likely have increased in frequency in the last 70 y.

We checked the frequency of the 13 putatively adaptive TEs in ten M strains originally sampled from around the world (see [Materials and Methods](#s4){ref-type="sec"}). All 13 TEs are present in the M strains at frequencies comparable to those found in the recently sampled NA strains ([Table 1](#pbio-0060251-t001){ref-type="table"}). Thus, there is no evidence of very recent expansions of these TEs. We have also investigated the M strain frequency for all 38 TEs present in the initial list of putatively adaptive TEs ([Table 1](#pbio-0060251-t001){ref-type="table"}). Only two TEs, FBti0020042 and FBti0019418, are absent in all of the M strains assayed ([Table 1](#pbio-0060251-t001){ref-type="table"}). However, these two TEs are present at low frequencies in the modern NA strains, suggesting that all the TEs in the list of possibly adaptive TEs have reached their current frequencies prior to the 1940′s.

Evidence of Population Differentiation for the 13 Putatively Adaptive Elements {#s2i}
------------------------------------------------------------------------------

The results of the haplotype tests described above are suggestive of positive selection. However, they should not be taken as conclusive evidence for selection since the true demographic model for D. melanogaster is unknown. Moreover, the frequency of the TE in the ancestral population and the extent of recombination suppression in heterozygotes due to the presence of the TE are also unknown. We know that the variation of these parameters might affect the distribution of tested statistics under neutrality and thus affect our inference of positive selection \[[@pbio-0060251-b050]\]. Consequently, we decided to perform an additional, independent test of the adaptive role of these elements---whether the frequencies of these TEs are higher in more temperate compared to more tropical out-of-Africa populations of D. melanogaster. Such a pattern would be expected if these TEs provide adaptive benefits in the temperate, but not in the tropical, habitats.

We analyzed the frequency of the 21 TEs, including the 13 putatively adaptive and the eight putatively neutral TEs, in 44 strains from two Eastern Australian populations. These two populations are located close to the ends of a latitudinal cline along the Eastern coast of Australia \[[@pbio-0060251-b065]\]. The Northern population is located near Innisfail, Queensland, where the climate is similar to that of the likely ancestral, sub-Saharan African habitat. The Southern population is located at the Yering Station, Victoria, and has a much colder, less tropical climate characteristic of the more temperate out-of-Africa--derived habitats. Note that D. melanogaster likely colonized Australia only 100 y ago, most likely through a single northern invasion \[[@pbio-0060251-b065]\], and that the Australian population had not been used by us for the identification of the 13 putatively adaptive TEs. Thus, the differentiation of the TE frequencies across these two populations would serve as an independent test of adaptation both in the historical and the experimental sense.

We used a maximum likelihood procedure to estimate the frequencies of the TEs in the two Australian populations (see [Materials and Methods](#s4){ref-type="sec"}). The set of 13 adaptive TEs shows significant heterogeneity of frequencies between these two populations (*p* \< 0.0001), whereas the set of eight putatively neutral TEs does not show such heterogeneity (*p* = 0.19). Moreover, only one of the eight putatively neutral elements showed heterogeneity in its population frequency (*p* = 0.009), whereas eight out of the 13 elements in the putatively adaptive set showed such heterogeneity (*p* \< 0.05) ([Figure 6](#pbio-0060251-g006){ref-type="fig"}; [Table S4](#pbio-0060251-st004){ref-type="supplementary-material"}). We tested whether there is significantly more differentiation for the putatively adaptive TEs compared to the putatively neutral TEs, and we found that indeed this is the case (*p* = 0.023, *G*-test with Yates correction for continuity). In all nine instances of significant heterogeneity, the TE frequency was higher in the temperate Southern population compared to the tropical Northern population, consistent with our expectations.

Three of the eight putatively adaptive TEs and the one putatively neutral TE that showed population differentiation are located inside the cosmopolitan chromosomal inversion *In(3L)Payne* or *In(3R)Payne* ([Table S4](#pbio-0060251-st004){ref-type="supplementary-material"}). Both inversions show latitudinal patterns in Australian populations (see Hoffmann and Weeks for a review \[[@pbio-0060251-b065]\]). Only one of these two inversions, *In(3L)Payne*, has been characterized at the molecular level and therefore can be scored by PCR (see [Materials and Methods](#s4){ref-type="sec"}). We checked for the presence of this inversion in the 44 strains analyzed in this work and found that it is only present in one strain. It so happens that the two putatively adaptive TEs that are located inside this inversion (FBti0020091 and FBti0020119) failed to be amplified in this particular strain. Therefore, we can conclude that the presence of *In(3L)Payne* is not affecting our results. For the other two TEs that showed population differentiation and are included in *In(3R)Payne*, we cannot discard the potential confounding effects of *In(3R)Payne* on their population frequency. The exclusion of these two TEs does not affect the significance of the comparison of the putatively adaptive and putatively neutral TEs, however. There is still significantly more differentiation for the putatively adaptive TEs (*p* = 0.014, *G*-test with Yates correction for continuity). Note also that the TEs showing heterogeneity are distributed across all three major chromosomes and are unlinked with each other, suggesting that these patterns are independent cases of adaptive differentiation between these two populations ([Table S4](#pbio-0060251-st004){ref-type="supplementary-material"}).

Analysis of the Putatively Adaptive Elements {#s2j}
--------------------------------------------

The 13 TEs included in our list of putatively adaptive insertions belong to eight different families from all three major classes of TEs: long terminal repeat (LTR) retrotransposable elements (one family), long interspersed nucleotide element (LINE)-like retroposons (four families), and DNA transposons with terminal inverted repeats (TIR) (three families) ([Table 1](#pbio-0060251-t001){ref-type="table"}). Some numerous families such as *roo* or *jockey* are not represented, whereas other families like *pogo*, *Doc*, or *S-element* contribute more than one element \[[@pbio-0060251-b051]\] ([Table 1](#pbio-0060251-t001){ref-type="table"}). LTR elements, the most abundant class of elements in the genome \[[@pbio-0060251-b051]\], are significantly underrepresented in our set (*p* = 0.006). The 13 putatively adaptive TEs are evenly distributed among the chromosomal arms (*p* = 0.57).

We wanted to test whether the 13 putatively adaptive TEs (the "adaptive" set) are peculiar in any way compared to the putatively nonadaptive TEs (the "nonadaptive" set) within the same families that are also found in regions of high recombination (95 TEs total). Specifically, we focused on three properties: size, distance to the closest flanking gene, and functional properties of the flanking genes.

We compared the size of the TEs in the adaptive and nonadaptive sets to the canonical size of their families \[[@pbio-0060251-b051]\]. We classified the elements into three categories: near full length (\>90% of the canonical length), medium length (20%--90% of canonical length), and small (\<20% of the canonical length) ([Table S1](#pbio-0060251-st001){ref-type="supplementary-material"}). TEs in the adaptive set are not significantly different in size from the TEs in the nonadaptive set (χ^2^ = 0.5; *p* = 0.778).

Most of the known *cis*-regulatory sequences in *Drosophila* are located within 1 kb of the transcriptional start site \[[@pbio-0060251-b066]\]. Taking this into account, we classified the TEs into three categories in relation to their distance to the nearest gene: inside genes, located less than 1 kb from a gene, and located more than 1 kb from a gene ([Table S1](#pbio-0060251-st001){ref-type="supplementary-material"}). Again, we failed to detect any differences in the distribution of these distances for the TEs in the adaptive and nonadaptive sets (χ^2^ = 0.75; *p* = 0.687).

Finally, we analyzed the functional association of the genes found next to the TEs in our two sets using the Gene Ontology (GO) database. Some of the genes next to the adaptive TEs are associated with more than one GO term, a representative list of which is given in [Table 2](#pbio-0060251-t002){ref-type="table"}. Ten of the 13 genes have a GO term for the biological process and/or the molecular function categories. For example, three of them are associated with genes involved in response to stimulus: FBti0018880, FBti0019386, and FBti0020119 ([Table 2](#pbio-0060251-t002){ref-type="table"}). We used FatiGO+ \[[@pbio-0060251-b067]\] to search for terms that are significantly over- or underrepresented in the adaptive set compare to the nonadaptive set. The biological process term "response to stimulus" appears overrepresented in the set of genes associated with the putatively adaptive TEs (*p* = 0.003). However, the false discovery rate--adjusted *p*-value is above 0.05. In conclusion, none of the terms in the molecular function or cellular component categories is over- or underrepresented in the adaptive set. It is possible that the failure of FatiGO+ to find significant differences between the two sets of genes is at least partly due to the small size of the adaptive TE set further compounded by the sparse functional and molecular annotations of the neighboring genes in both sets.

Finally, for the 13 putatively adaptive insertions, we searched for expressed sequence tags (ESTs) containing both the TE and the gene they are associated with in the Ensembl database \[[@pbio-0060251-b068]\]. Only insertions FBti0019430 and FBti0019627 form chimeric transcripts with genes *CHKov1* and *Kmn1*, respectively, supported by EST evidence. For the rest of the TEs, we did detect ESTs that contain part of or the whole TE sequence, but none of these ESTs also contain genic sequence. We found no ESTs for FBti0018880.

Expression Analysis of the Genes Located Closest to the Putatively Adaptive TEs {#s2k}
-------------------------------------------------------------------------------

Twelve out of 13 adaptive TEs are located outside of coding regions, in many cases in close proximity to genes or inside introns. This suggests that the adaptive effects of these TEs are likely due to their effects on gene regulation. To confirm this inference, we analyzed the expression of the 12 genes located closest to the putatively adaptive TEs ([Table 2](#pbio-0060251-t002){ref-type="table"}). The 13th TE (FBti0019430) is inserted into the exon of *CHKov1* and had been previously shown to truncate the original *CHKov1* protein and to generate a new functional protein \[[@pbio-0060251-b038]\]. For each tested gene, we searched for differences in expression between the allele carrying the TE and the allele lacking the TE in the F~1~ heterozygous adults. Differential expression of the two alleles in the same cellular environment of the F~1~ individual is indicative of functional *cis*-regulatory differences \[[@pbio-0060251-b069]\].

For each TE, we identified two highly inbred NA strains that both differ by the presence/absence of this TE and by the presence/absence of a diagnostic SNP in the coding region of the adjacent gene. The exact procedure is described in Materials and Methods. Pyrosequencing was then used to measure the relative abundance of the two alleles \[[@pbio-0060251-b069]\]. This technique has been demonstrated to be a sensitive tool to quantify allele-specific expression, enabling discrimination of subtle differences in transcript abundance \[[@pbio-0060251-b070]\]. We obtained data for five genes ([Figure 7](#pbio-0060251-g007){ref-type="fig"}; [Table S5](#pbio-0060251-st005){ref-type="supplementary-material"}). Four of them showed differences in expression between the two alleles: in three cases, the allele of the nearby gene that carries the TE in *cis* is down-regulated, and in one case, it is up-regulated. As can be seen in [Figure 7](#pbio-0060251-g007){ref-type="fig"}, for some genes, the results depend on the direction of the cross, suggesting that there could be a parental effect on the regulation of the genes close to the TE. These results further suggest that the majority of the recently adaptive TEs in D. melanogaster have an effect on the expression of the adjacent genes.

Discussion {#s3}
==========

Screening for Recent Adaptive Insertions in the *Drosophila* Genome {#s3a}
-------------------------------------------------------------------

The spread of D. melanogaster out of sub-Saharan Africa within the last 10 to 20 thousand years ago exposed D. melanogaster to new ecological and physiological challenges. These new challenges likely led to adaptive genetic changes in the non-African populations of D. melanogaster. In this study, we set out to search for such recent adaptations driven specifically by insertions of TEs.

We started our search from a set of 1,572 individual insertions annotated in Release 3 of the D. melanogaster genome \[[@pbio-0060251-b051]\]. Starting from a set of TEs found in the sequenced genome biases our ascertainment toward preferentially finding TEs present at higher population frequencies. All things being equal, we are bound to find every fixed TE; on average, 50% of TEs present at 50% frequency in the population; 10% of TEs at 10% frequency; and so on. However, in addition, the choice of the sequenced strain introduces its own bias. The sequenced strain of D. melanogaster (*y^1^; cn^1^ bw^1^ sp^1^*) is an old laboratory strain likely to have been isolated from the wild at the beginning of the 20th century in the United States \[[@pbio-0060251-b071]\]. Therefore, our ascertainment is biased toward finding TEs that were frequent in NA populations at the beginning of the century. These biases are in many ways helpful for the search of the TEs that contributed to the out-of-Africa adaptation of D. melanogaster. Indeed, such TEs should be frequent in the NA populations and would be discovered at a reasonable chance using our procedure. We would miss all of the very recent adaptations, however.

We obtained population frequency data for 902 TEs both in NA and AF populations and found that most of these 902 TEs are present at low population frequencies. These results confirm previous findings based on the analysis of individual families suggesting that in *Drosophila*, TEs are under purifying selection \[[@pbio-0060251-b029],[@pbio-0060251-b030]\]. Based exclusively on their population frequencies, we identified 13 TEs in the highly recombining regions of the D. melanogaster genome that could plausibly play a role in the out-of-Africa adaptation ([Table 2](#pbio-0060251-t002){ref-type="table"}). Note that we define high-recombination areas as those where recombination rate is greater than 1.4 cM/Mbp. However, our results are not very sensitive to the exact value of the cutoff. Varying the cutoff between 1 and 2 cM/Mbp changes the number of putatively adaptive TEs from 13 to 11. These 13 TEs are segregating at high frequencies (\>30%) in North America and at low frequencies (\<30%) in Malawi. They also belong to the TE families that appear to be evolving under purifying selection in general, making it less likely that these 13 TEs rose to high frequencies by genetic drift alone. We also identified eight TEs that are also frequent in North America and rare in Africa but which belong to TE families that are under reduced purifying selection. This makes these eight TEs more likely to be neutral. We use them as a control set of putatively neutral TEs in our population genetic analyses.

To start testing whether at least some of these 13 TEs are in fact adaptive, we sequenced the flanking regions of four of them ([Figures 2](#pbio-0060251-g002){ref-type="fig"}--[5](#pbio-0060251-g005){ref-type="fig"}; [Table 2](#pbio-0060251-t002){ref-type="table"}). We used coalescent simulations to test whether the nucleotide polymorphism pattern surrounding these four TE insertions depart significantly from a null model that incorporates the demographic scenario specified in Thornton and Andolfatto \[[@pbio-0060251-b045]\] and ascertainment of a derived polymorphism at a prespecified frequency matching that found in the data \[[@pbio-0060251-b050]\]. Another putatively adaptive TE (FBti0019430) had been sequenced previously along with four out of the eight neutral TEs we have identified here \[[@pbio-0060251-b050]\]. We did find significant departures from neutrality in the direction expected under a partial selective sweep for all five tested putatively adaptive TEs, but not for four putatively neutral TEs ([Table 4](#pbio-0060251-t004){ref-type="table"}). This provides highly suggestive evidence for the role of positive selection in the increase of frequency of the majority of the putatively adaptive TEs. Different statistics were significant for the different TEs: *f* ~TE~ was significant for FBti0019065 and FBti0019170, and iHS was significant for FBti0018880 and FBti0019627. Both *f* ~TE~ and *iHS* are significant for FBti0019430. The observation that not all of the tests are significant for each TE is not entirely unexpected given that these TEs were already present in Africa prior to the putative partial sweeps. Simulations have previously demonstrated that positive selection from standing variation may not leave as strong a signature in the patterns of linked polymorphisms as positive selection acting on de novo mutations \[[@pbio-0060251-b062],[@pbio-0060251-b072],[@pbio-0060251-b073]\].

![Sequence of the 3.9-kb Region Flanking FBti0019170. See [Figure 2](#pbio-0060251-g002){ref-type="fig"} for details](pbio.0060251.g005){#pbio-0060251-g005}

![Population Frequency of the Eight Putatively Neutral and 13 Putatively Adaptive TEs in Two Australian Populations Collected Close to the Extremes of a Latitudinal Cline\
The North population was collected in Innisfail (Queensland) and the South population in Yering Station (Victoria).](pbio.0060251.g006){#pbio-0060251-g006}

![Normalized Allelic Ratios for the Five Genes Analyzed in This Study\
For each gene, the first two bars correspond to the F~1~ progeny (male and female, respectively) of the cross in which the parental female is homozygous for the presence of the TE. The last two bars correspond to the progeny of the cross in which the parental male is homozygous for the presence of the TE. For genes *kuz* and *Ago2*, the PCR with one of the four samples failed. Significant ratios are represented by red bars and nonsignificant ones by grey bars.](pbio.0060251.g007){#pbio-0060251-g007}

We used the sequencing data to also assess whether these TEs are likely to be causative adaptive mutations or whether they just happen to hitchhike to high frequencies with linked adaptive mutations. In all five studied cases, (1) the TE appears to be completely linked to the partial sweep, (2) the partial sweep decays on both sides of the TE, and (3) there are no polymorphism other than the TE itself that are in perfect linkage disequilibrium with the partial sweep. These results suggest strongly that the TE is likely to be the causative mutation of the partial sweep rather than to be merely linked to such a causative mutation.

The signatures of selective sweeps in the regions flanking the putatively adaptive TEs provide some evidence for their adaptive increase in frequency but should be treated with caution. The uncertainty about the starting frequency of the TE in the ancestral population and about the appropriate demographic model makes it difficult, if not impossible, to come with very robust neutral expectations about the distributions of tested statistics \[[@pbio-0060251-b050]\]. We therefore performed an additional independent test of the adaptive role of these elements.

These 13 TEs are expected to be adaptive in the environments characteristic of the out-of-Africa expansion, but not adaptive in Africa. We thus expect these TEs to be less frequent in the out-of-Africa populations located in the more tropical regions compared to the populations located in the more temperate regions. To test this prediction, we analyzed the frequencies of the 13 putatively adaptive and eight putatively neutral TEs in two populations located close to the ends of a latitudinal cline in the Eastern coast of Australia. The Northern populations experience tropical climates, whereas the Southern ones experience more temperate ones. Consistent with our predictions, eight of 13 putatively adaptive TEs are significantly more frequent in the Southern population, whereas only one of eight neutral ones shows such differentiation ([Figure 6](#pbio-0060251-g006){ref-type="fig"}; [Table S4](#pbio-0060251-st004){ref-type="supplementary-material"}). We also ensured that these patterns are not due to the linkage of these TEs to inversions that show clinal patterns of variation along the Eastern coast of Australia \[[@pbio-0060251-b065]\] or to each other. Note that because D. melanogaster colonized Australia less than 100 years ago and because we did not use the Australian population data in defining the set of adaptive and neutral TEs, these results provide a powerful independent test of adaptive significance of the 13 identified TEs.

The evidence of the partial selective sweeps due to all five putatively adaptive TEs tested combined with the population heterogeneity between tropical and temperate habitats for eight out of 13 putatively adaptive TEs indicate very strongly that most, if not all, of the identified 13 TEs play adaptive roles in the out-of-Africa D. melanogaster population.

Nature of TE-Induced Adaptations: Regulatory Changes Are Predominant {#s3b}
--------------------------------------------------------------------

The analysis of the location of the 13 recent adaptive insertions identified in this work gives insight into the relative contribution of protein-coding versus regulatory changes in adaptation \[[@pbio-0060251-b074],[@pbio-0060251-b075]\]. Most of the TEs in our set are located in introns or intergenic regions (eight and three TEs, respectively), whereas only two are located in the mature transcripts: one within an exon (FBti0019430) and one in a 3′ UTR (FBti0019627; [Table 2](#pbio-0060251-t002){ref-type="table"}). This distribution suggests that recent adaptive insertions are mostly involved in regulatory changes.

To further explore this possibility, we analyzed the expression of the genes located next to the adaptive insertions. Changes in gene expression can arise from *cis*-regulatory changes that affect transcription and/or transcript stability in an allele-specific manner, or from *trans*-regulatory changes that influence expression of both alleles \[[@pbio-0060251-b069],[@pbio-0060251-b076]\]. We searched for *cis*-regulatory differences by comparing the relative abundance of transcripts in F~1~ hybrids in which one allele contains the TE in *cis* and the other one does not. In four out of the five genes for which we obtained results, we showed that the expression of the allele carrying the TE in *cis* is significantly different from the expression of the allele lacking the TE ([Figure 7](#pbio-0060251-g007){ref-type="fig"}). In three cases, the expression was down-regulated, and in one case, it was up-regulated. These results support the role of the adaptive TEs in the regulation of the adjacent genes and agree with the analysis of chimeric gene--TE proteins in the human genome, suggesting that the role of young TEs is probably most often limited to regulatory functions \[[@pbio-0060251-b023]\].

Nature of the Genes and Pathways Associated with the Adaptive TE Insertions {#s3c}
---------------------------------------------------------------------------

The analysis of the types of genes associated with the 13 adaptive insertions might provide an insight into the type of biological processes that have been targets of selection in the expansion of D. melanogaster out of Africa ([Table 2](#pbio-0060251-t002){ref-type="table"}). Three of the genes associated with our set of adaptive insertions are involved in processes grouped under the GO category "response to stimulus": *Ago2*, *sra*, and *Jheh3* ([Table 2](#pbio-0060251-t002){ref-type="table"}). This category has been previously associated with genes under positive selection in *Drosophila* \[[@pbio-0060251-b033],[@pbio-0060251-b038],[@pbio-0060251-b077],[@pbio-0060251-b078]\]. Another three genes, *kuz*, *rdx*, and *Jon65Aiv*, are associated with protein metabolism. An overrepresentation of genes associated with protein metabolism has been found in the analysis of genes likely to be under positive selection after the expansion of D. simulans out of Africa \[[@pbio-0060251-b079]\]. However, there is no overlap between the two gene datasets, suggesting that the same type of biological processes, but not exactly the same genes, have been the target of selection in the expansion of both D. melanogaster and D. simulans out of Africa.

For some of the genes that do not have a GO annotation, there is additional information that suggests the biological processes in which they might be involved. For example, *CG34353* has been described as an immunoglobulin-like (Ig-like) gene \[[@pbio-0060251-b080]\]. Many of the proteins in the Ig-like family are cell surface or secreted proteins that have important roles during development. Such genes have been previously shown to exhibit signatures of positive selection \[[@pbio-0060251-b081],[@pbio-0060251-b082]\].

Some of the adaptive TEs are located close to or inside genes belonging to highly conserved pathways. Such insertions are likely to be involved in the fine-tuning of these processes. For example, FBti0018880 is inserted in the 0.7-kb intergenic region between *Jheh2* and *Jheh3* genes and down-regulates at least one of them (*Jheh3*, [Figure 7](#pbio-0060251-g007){ref-type="fig"}). Both of these genes are involved in Juvenile Hormone (JH) metabolism \[[@pbio-0060251-b083]\]. This hormone has major effects on various aspects of development and life history, not only in *Drosophila*, but also in other insects \[[@pbio-0060251-b084]\]. FBti0019170 is inserted in the intron of *kuz*, a gene in the *Notch* (*N*) signaling pathway, and up-regulates it ([Figure 7](#pbio-0060251-g007){ref-type="fig"}). *N* is a transmembrane receptor that mediates local cell--cell communication and coordinates a signaling cascade present in all animal species studied to date \[[@pbio-0060251-b085]\]. Finally, FBti0019372 is inserted in the first intron of *rdx*, a gene involved in the *Hedgehog* (*Hh*) signal transduction pathway \[[@pbio-0060251-b086]\] and down-regulates it. *Hh* plays essential roles in a multitude of developmental processes via a complex signaling cascade conserved from insects to mammals \[[@pbio-0060251-b087]\].

Overall, there is no clear overriding pattern in the types of genes that are located near the adaptive TEs. It is possible that the number of adaptive TEs is too small or our understanding of the functional role of many genes is too limited to see this pattern. Future investigation of the functional effects of the adaptive TEs will be required to understand the phenotypic and ecological nature of adaptation due to these TEs.

Origin of TE-Induced Adaptations: Local Adaptation from Standing Variation {#s3d}
--------------------------------------------------------------------------

Adaptive mutations can arise in two different ways. On the one hand, adaptation can start out as a new mutation that is favored as soon as it arises. Most of the searches for recent adaptations are guided by this model of positive selection \[[@pbio-0060251-b088]--[@pbio-0060251-b090]\]. However, this assumption may not be realistic, especially if adaptation takes place in response to range expansions. Environmental changes associated with range expansions can lead to previously neutral or slightly deleterious alleles that were segregating in the ancestral population to become beneficial \[[@pbio-0060251-b048],[@pbio-0060251-b072],[@pbio-0060251-b073]\]. This seems to be the scenario for the majority of the 13 adaptive TEs described here. We found that the majority of them were already present in the ancestral AF populations ([Table 2](#pbio-0060251-t002){ref-type="table"}). Only two out of 13 putatively adaptive TEs were absent from all four sub-Saharan AF populations, suggesting that the majority of recent TE-induced adaptations in D. melanogaster came from standing variation.

Furthermore, all 13 adaptive TEs are very similar in their sequence from the other TEs in their families (divergence less than 1%), suggesting that these 13 TEs inserted into the genome very recently ([Table 1](#pbio-0060251-t001){ref-type="table"}) and therefore are unlikely to have been subject to long-term balancing selection. Hence, it appears that these TEs were either neutral or slightly deleterious in the ancestral African population and became adaptive upon the expansion of D. melanogaster into temperate habitats.

Rate of TE-Induced Adaptive Evolution {#s3e}
-------------------------------------

The goal of this study was to identify recent TE insertions highly likely to be adaptive in the recent evolutionary past of D. melanogaster. We followed a conservative approach that undoubtedly led us to miss some adaptive insertions. For example, since we focused on recent insertions likely to have contributed to adaptation during or after the expansion of D. melanogaster out of Africa, we ignored all TEs present at high frequencies in the Malawi population. These insertions are less likely to have increased in frequency specifically in the out-of-Africa populations. However, some of these TEs may still have contributed to adaptation in the out-of-Africa populations. For example, all parallel TE-induced adaptations in the African and out-of-Africa populations will be missed by this approach. We will also miss all of the TEs that contributed to adaptation prior to the expansion of D. melanogaster out of Africa.

There are 114 insertions that appear fixed in all of the analyzed populations; 25 of them are located in regions of high recombination and therefore are more likely to be enriched for adaptive insertions ([Table S1](#pbio-0060251-st001){ref-type="supplementary-material"}). We also did not consider insertions present at high frequencies in genomic regions characterized by low recombination rates since they are more likely than those found in high-recombination areas to be neutral \[[@pbio-0060251-b055]--[@pbio-0060251-b058],[@pbio-0060251-b091]\]. However, some of these insertions, particularly the ones that are present at high frequencies in the NA populations and absent in the AF populations, are also likely to be adaptive. There are 15 such insertions; nine of them are most probably not adaptive since they belong to families under relaxed purifying selection (D. A. Petrov, J. González, M. Lipatov, A. S. Fiston-Lavier, and K. Lenkov, unpublished data), but the other six TEs might be adaptive ([Table S1](#pbio-0060251-st001){ref-type="supplementary-material"}). All of these TEs deserve further study.

As stated before, the starting point of our search for adaptive TEs were the insertions described in one D. melanogaster strain that was probably collected at the beginning of the last century in North America. This ascertainment bias implies that we are undercounting some, especially less frequent TEs. Given the frequency distribution of the 13 putatively adaptive TEs and the PCR failure rate, we can estimate that the NA populations at the beginning of the century had approximately 25 adaptive TEs in the high-recombination regions of the genome. If we suppose that the rate of adaptation is the same in low- and high-recombination regions, then as many as 50 TE insertions anywhere in euchromatin have been adaptive since the out-of-Africa migration of D. melanogaster. Note also that we are missing all TEs that may have contributed to adaptation in other out-of-Africa populations but were rare in NA at the beginning of the century. For instance, the TEs that increased in frequency after the collection of the sequenced strain are bound to be missed by this study. As a case in point, we did not sample the insertion of an *Accord* TE previously found to confer resistance to insecticides because it is not present in the sequenced genome \[[@pbio-0060251-b033]\] and is rare in the M strains in general (Y. T. Aminetzach, T. Karasov, and D. A. Petrov, unpublished data).

Thus, the list of 13 putatively adaptive TEs is likely an underestimate of all adaptive TEs. We can consider that at least 13, and more likely 25--50, adaptive TEs have increased in frequency in the NA populations since the expansion of *Drosophila* out of Africa approximately 10,000 to 16,000 y ago \[[@pbio-0060251-b044],[@pbio-0060251-b045]\] and before the collection of the sequenced strain (∼70 y ago). This corresponds to one adaptive TE increasing to intermediate frequencies in the D. melanogaster euchromatin every 200 to 1,250 y.

If all of the identified TEs are destined to reach fixation and the rate of adaptation was similarly high prior to the expansion of D. melanogaster out of Africa, then this rate appears incompatible with the number of fixed TEs in the D. melanogaster genome. Indeed, even if we conservatively estimate that we should only be able to detect TEs fixed within the past approximately 1 million years (Myr) (corresponding to the expected neutral divergence of ∼3%), we should see 800 to 2,500 fixed TEs in euchromatic regions of high recombination and up to 5,000 TEs in euchromatin in general. This assumption is conservative, given that all TEs less than 10% divergent from its consensus sequence are expected to be found and the average time to loss of 50% of the DNA in *Drosophila* is substantially greater than 1 Myr \[[@pbio-0060251-b092]\]. In contrast to this large expected number of fixed TEs, only 25 fixed insertions in high-recombination regions of the genome, and 114 in total, have been detected.

There are at least three distinct, but not mutually exclusive, scenarios that would explain why we see so few fixed TEs in the D. melanogaster genome. First, it is possible that the rate of adaptation is not constant. The rate that we estimated could be reflecting a burst in adaptations that took place during the expansion of D. melanogaster out of Africa. A higher rate of adaptive evolution in the derived populations compared to the African populations could be expected and in fact has been suggested by previous studies \[[@pbio-0060251-b044]\].

Second, it is likely that these TEs are adaptive in some, but not other, environments. Supporting this, we found that eight of them appear to be adaptive to temperate climates ([Figure 6](#pbio-0060251-g006){ref-type="fig"}). Moreover, we did not find any TE fixed in the NA populations of D. melanogaster and polymorphic or absent in AF. Our estimates of the frequencies of these 13 TEs in the M strains also show that the current frequencies have been stable for the last 70 y (∼700 generations) ([Table 1](#pbio-0060251-t001){ref-type="table"}). If this is the explanation for the observed low number of fixed TEs, then our results suggest that the majority of local adaptations are destined to be lost. Such local adaptations might be common for other, non--TE-derived recent adaptations and, similar to the TE-derived adaptations, they might be ephemeral.

Finally, we might be underestimating the number of fixed insertions in the genome if the adaptive TEs undergo faster sequence divergence compared to the neutral TEs. This is not entirely far-fetched as newly adaptive TEs might undergo a bout of fast sequence changes driven by positive selection. If many of these adaptive substitutions are indels, then the sequence of the TEs might quickly become obscured. A more sensitive search for degenerate TE sequences in the D. melanogaster genome might be productive in this case.

High Rate of Adaptation in *Drosophila* {#s3f}
---------------------------------------

Our estimate of the rate of TE-induced adaptations, one every 200--1,250 y or one every 2,000--25,000 generations, suggests that, at least since the expansion of D. melanogaster out of Africa, TEs have contributed considerably to adaptive evolution. Several recent studies based on the analysis of both coding \[[@pbio-0060251-b002],[@pbio-0060251-b003],[@pbio-0060251-b009]\] and noncoding regions \[[@pbio-0060251-b005]\] suggest that the genomic rate of adaptive evolution is high. For example, Smith and Eyre-Walker \[[@pbio-0060251-b002]\] estimated that approximately 45% of amino acid substitutions in *Drosophila* were driven by positive selection, which translates into one adaptive substitution every 450--900 generations. This rate is even higher, approximately one adaptation every 70--520 generations when only the noncoding regions of the genome are considered \[[@pbio-0060251-b005]\]. The above estimates focus on adaptations that fix in the genome. Using a different approach, based on the spatial correspondence between neutral polymorphism and nonsynonymous divergence, Macpherson et al \[[@pbio-0060251-b012]\] also argued for a high rate of adaptive substitution. These authors estimated that approximately one adaptation every 3,000 generations is taking place in the *Drosophila* species. The rate of TE-induced adaptation is of the same order of magnitude and thus might be a significant source of adaptive mutations in *Drosophila*.

The high rate of adaptation estimated in these various studies is surprising. In order to increase our confidence in these estimates and to understand the nature of adaptation, it is clearly important to connect putatively adaptive mutations to their phenotypic effects. The adaptive TE insertions that we identified in this study represent a promising set for such functional analyses. Again, most of the adaptive insertions identified in this paper are closely linked to genes of at least partly known functional roles. For example, insertion FBti0018880 is likely to affect the expression of genes involved in the degradation of JH. JH affects a significant number of processes and traits in *Drosophila* development and life history, including metamorphosis, behavior, reproduction, diapause, stress resistance, and aging \[[@pbio-0060251-b084]\]. Any of these processes could have been affected by the insertion of this TE in this particular region of the genome. They are therefore likely candidates to be analyzed in order to assess the functional consequences of the insertion. For the insertions closely located to genes with no functional information, components of fitness such as male and female fertility, survival rates through development or temperature and desiccation resistance can be studied.

Conclusions {#s3g}
-----------

A systematic identification of adaptive insertions described in this work allows us to infer that TEs are a considerable source of recently adaptive mutations in the *Drosophila* genome. Most of the adaptive TEs are located close, but not inside, protein coding regions of genes and appear to affect the expression of these genes. Functionally diverse genes located next to the putatively adaptive TEs provide a rich collection for a follow-up investigation of adaptive processes in D. melanogaster. The adaptive TE insertions appear to have been present in Africa as neutral or deleterious polymorphisms prior to the expansion of D. melanogaster out of Africa and are only adaptive in some, specifically temperate environments. The high rate of recent adaptive changes due to TEs appears to be incompatible with a low number of fixed TEs in the D. melanogaster euchromatin. This most likely indicates that most locally adaptive TEs are destined to be lost over long periods of time. It is tempting to speculate that such local adaptations (1) are common for other types of mutations as well and (2) tend to be ephemeral and lost fairly quickly in general. This would imply that genetic variation within species might often be due to different mutations than that between species. Thus, the extent to which functional genetic variation within species is ephemeral rather than "a phase in molecular evolution" \[[@pbio-0060251-b093]\] remains to be determined.

Materials and Methods {#s4}
=====================

Pooled-PCR frequency data. {#s4a}
--------------------------

DNA from five different NA populations (8--12 strains per population; 64 strains in total) and one AF population collected in Malawi (11 strains) were combined into seven different pools. Six pools contained DNA from the NA populations, and one pool contained DNA from the AF population. The composition and the geographical origin of each pool is given in [Table S6](#pbio-0060251-st006){ref-type="supplementary-material"}. Strains from the Wi pool were subject to over 30 generations of brother--sister matings. Strains from the We1 and We2 pools were subject to 10--15 generations of brother--sister matings. Strains from NA, NB, and CSW pools are isofemale strains. The final concentration of DNA in each pool was 2.5 ng of each individual strain per PCR reaction. Genomic DNA from all these strains was extracted using DNeasy Tissue kit (Qiagen).

The absent/polymorphic/fixed status of each TE in all the pools was determined using the polymerase chain reaction (PCR). All PCR primers were designed using Primer 3 \[[@pbio-0060251-b094]\] and were checked with Virtual PCR \[[@pbio-0060251-b095]\]. One set of primers was intended to assay for the presence of the TE insertion and consists of a "Left" (L) primer which lay within the TE sequence and a "Right" (R) primer that lay in the flanking region to the right of the TE insertion. We expect this PCR to give a band only when the element is present. The other set of primers was intended to assay for the absence of the TE insertion and consisted of a "Flank" (FL) primer which lay in the left flanking region of the TE sequence and the R primer mentioned above. In this case, the absence of a TE in the pool should give a shorter, "absence" band, and the presence of a TE should give a longer, "presence" band. We assumed that the presence band is unlikely to be amplified if the TE sequence is longer than 800 bp. For the insertions that overlap with another TE, specific R or FL primers could often not be designed, and therefore, the frequency of such TEs was not assayed.

PCR reaction mix was made using Redtaq Readymix from Sigma Aldrich and primers at a final concentration of 1 μM/μl. The PCR conditions were: 94 °C for 5 s, 27 cycles of 94 °C for 30 s, 62 °C for 30 s, and 72 °C for 1 min. We classified an element as absent when the L-R primer pair did not yield a band, and the FL-R primer pair yielded an absence band only. We classified an element as polymorphic if the combined L-R and FL-R primer pairs produced both a presence and an absence band. Finally, we classified an element as fixed if the L-R primers yielded a presence band and the FL-R primers yielded either a presence band or no band at all (if the element is longer than 800 bp, the FL-R primers were not expected to amplify the presence band). For the TEs shorter than 800 bp, the failure of FL-R primer was interpreted as PCR failure and the PCR results as ambiguous. Here, we only analyzed in detail those TEs for which both primer pairs gave a mutually consistent result.

Individual strain frequency data. {#s4b}
---------------------------------

The same two sets of primers described above were used to detect both the presence and the absence of a subset of the TEs in each individual strain present in the different pools ([Table S6](#pbio-0060251-st006){ref-type="supplementary-material"}).

Besides the above strains, for some of the insertions, three additional AF pools were assayed. Two of the pools contained strains collected in Zimbabwe, and the other one contained strains collected in Kenya. The composition of these three pools is also given in [Table S6](#pbio-0060251-st006){ref-type="supplementary-material"}.

In addition, we used ten M strains from Bloomington *Drosophila* Stock Center at Indiana University that were collected worldwide: Canton-S, Oregon-R-C, Oregon-R-S, Amherst 3, Lausanne-S, Samarkand, Swedish-C, ORiso-2, CSiso-2, and Berlin-K. First, we confirmed that these were truly M strains by checking for the presence/ absence of *P* elements. As a positive control, we used a classic P strain (Harwich stock, also from Bloomington *Drosophila* Stock Center at Indiana University). An inverted repeat--specific primer of the D. melanogaster canonical *P* element was used \[[@pbio-0060251-b096]\]. Amplification consisted of a first step of 7 min at 94 °C and then 30 cycles of 45 s at 94 °C, 45 s at 57 °C, and 1.5 min at 72 °C. A final extension step at 72 °C for 10 min was carried out.

Finally, we also checked the frequency of a subset of the TEs in two Australian populations collected in 2007 close to the ends of a latitudinal cline: Innisfail in far North Queensland, and Yering Station in South Victoria. For each population, a total of 22 stocks were analyzed ([Table S6](#pbio-0060251-st006){ref-type="supplementary-material"}). For these 44 stocks, we also checked for the presence of inversion *In(3L)Payne*. Primers were designed in the region spanning the distal breakpoint of this inversion \[[@pbio-0060251-b097]\]. Primer pair 5′-CCGGATGGACCACATAGAAC-3′ and 5′-CATTCTGGGCCTTATCATCT-3′ amplify the standard, but not the inverted, chromosome. Primer pair 5′-CCGCAAACGAACACTTA-3′ and 5′-GATTATGGACCTAATGAAAGC-3′ amplify the inverted, but not the standard, chromosome.

For all the individual strain PCRs, the following conditions were used: 94 °C for 2 min, 13 cycles of 94 °C for 30 s, 63 °C for 30 s (−0.5 °C per cycle), 72 °C for 1 min, and then 20 cycles of 94 °C for 30 s, 56 °C for 45 s, 72 °C for 1 min, and one last extension step of 10 min at 72 °C.

Dating the insertions. {#s4c}
----------------------

For each of the elements for which we obtained individual strain frequency data, levels of divergence from their consensus sequence (available at <http://flybase.bio.indiana.edu>) were estimated. Sequences were aligned using Sequencher software (v. 4.7; Gene Codes Corporation). The minimum size of the aligned regions was 180 bp. We considered a TE to be old if its divergence from the consensus sequence is greater than 1%. However, it could also be that these apparently old insertions are recent insertions generated by active TEs whose sequence differs from the consensus sequence of the family. To test for this possibility, we aligned the insertions showing greater than 1% divergence from the consensus sequence to the rest of sequences that belong to the same families. To detect the existence of copies closely related to our insertions that have not been previously identified, we performed BLAST queries against the whole D. melanogaster genome with the sequence of these apparently old insertions. We calculated pairwise distance using Mega 3.1 \[[@pbio-0060251-b098]\] and identified the sequence most closely related to our insertion. We then estimated the percentage of divergence between those two sequences.

Maximum likelihood estimation of selection coefficients. {#s4d}
--------------------------------------------------------

For each group of TEs, we performed nested likelihood analysis, following the work of Petrov et al. \[[@pbio-0060251-b035]\]. Assuming that all TEs within a family are subject to uniform selection with a selection coefficient *s* along with a heterozygous effect *h* = 1/2, and given the size of the D. melanogaster population *N*, we can calculate the sojourn time of each new insertion at any given frequency *x*---i.e., the time this insertion is expected to spend in a short interval between *x* and *x* + Δ*x*. To do so, we made use of a diffusion approximation and the resulting sojourn time density function ([equations 4.22](#pbio-0060251-e004){ref-type="disp-formula"} and [4.23](#pbio-0060251-e004){ref-type="disp-formula"} in Ewens \[[@pbio-0060251-b099]\]) \[[@pbio-0060251-b035]\]:
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The probability that a randomly chosen TE insertion will be found at frequency *x* is proportional to the above sojourn time *τ*(*x*). However, the insertions we studied were all originally found in the sequenced strain. Thus,

Pr\[an insertion we detect is at frequency *x*\] = Pr\[we detect the insertion \| the insertion is at frequency *x*\] × Pr\[a random insertion is at frequency *x*\] ∝ *x* × *τ*(*x \| s*, *N*) ≡ *α*(*x \| s*, *N*).

In the above, we defined α(*x* \| *s, N*), a function that is proportional to the probability that any given insertion is at frequency *x*. The probability itself, then, is this function normalized by its integral over all possible values of *x*:
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Here, we integrated *α*(*x* \| *s, N*) between 1/(2N) and 1 − 1/(2N), because in reality, a polymorphic element insertion cannot be present at frequencies that are outside this range. The incomplete gamma function that appears in the denominator is given by Γ(*a*,*x*) ≡ *e* ^−*t*^ *dt*.

For each TE, our data come in the form *m* ≡ {*m* ~1~, *m* ~2~, *m* ~3~, *m* ~4~, *m* ~5~, *m* ~6~}, where *m* ~1~ is the number of NA strain pools in which the element is absent, *m* ~2~ is the number of pools in which it is polymorphic, and *m* ~3~, the number of pools in which it is fixed. *m* ~4~ and *m* ~5~ give the numbers of pools with partial information---those where the element is either absent or polymorphic, and those where the element is either polymorphic or fixed. Finally, *m* ~6~ is the number of pools about which we have no reliable information. The sum of *m* ~1~ through *m* ~6~ is always equal to 6, since that is the number of NA strain pools.

Note that the numbers of strains vary between eight and 12 for different pools. However, the estimates of selection coefficients and population frequencies consistently vary by a factor of less than 1.5 as we switch between these two pool sizes. Consequently, in the following treatment, we adopted an intermediate value of 11 strains per pool, close to the pool average.

In the following, we also need to consider the fact that some of the pools in which the element is polymorphic, may appear to have the element either as absent or fixed. We estimate that the rates of both types of errors are approximately equal to 0.046 (unpublished data).

Conditional on *x*, the element\'s frequency in the population, for the pools in which we can distinguish perfectly between the three classifications (absent, polymorphic, and fixed), the probability of *m* ~1~ pools classified as absent, *m* ~2~ as polymorphic, and *m* ~3~ as fixed is
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The probability of finding that the element is absent or polymorphic (as opposed to fixed) in *m* ~4~ pools is
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Finally, the probability of finding that an element is polymorphic or fixed (as opposed to absent) in *m* ~5~ pools is
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Combining [Equations 2](#pbio-0060251-e002){ref-type="disp-formula"} through [5](#pbio-0060251-e005){ref-type="disp-formula"}, and integrating over the entire range of possible element frequencies in the population, we get the total probability of obtaining the data (*m* ~1~ through *m* ~5~), given a selection coefficient *s* and population size *N*.
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Since we assumed that the same selection coefficient and population size apply to every element in the group, the combined probability of obtaining a particular set of data for all the group\'s elements is
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where *M* denotes the combined set of data for the *n* elements in a group, and {*m* ~1~, *m* ~2~, *m* ~3~, *m* ~4~, *m* ~5~}*~j~* is the data for a given element *j*. We noted that this is also the likelihood of the population genetic parameters *s* and *N* given the data, i.e., L\[*s*,*N* \| *M*\].

Previous studies showed that the size of the NA D. melanogaster population is likely to be between 10^5^ and 10^6^ \[[@pbio-0060251-b100],[@pbio-0060251-b101]\]. Furthermore, we have shown that the qualitative conclusions of our analysis do not change as we switch between these two values \[[@pbio-0060251-b035]\]. Accordingly, we proceeded by fixing *N* at 10^5^ in the probability distributions and likelihood functions below. For each of the family/recombination rate groups, we found the value of *s* that gives us the maximum likelihood of the group\'s combined data ([Equation \[7](#pbio-0060251-e007){ref-type="disp-formula"}\]).

We then constructed a likelihood model in which each element within a group may come from one of two subgroups with different selection coefficients *s* ~1~ and *s* ~2~. The probability that each element comes from a subgroup with a selection coefficient *s* ~1~ is *p*, and that it comes from the other subgroup is 1 − *p*. In order to get the probability of element\'s frequency *x* under the new model with three parameters, instead of one, we extended [Equation 2](#pbio-0060251-e002){ref-type="disp-formula"} as follows:
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Using [Equation 8](#pbio-0060251-e008){ref-type="disp-formula"}, we constructed the new likelihood function analogous to the one described by [Equations 6](#pbio-0060251-e006){ref-type="disp-formula"} and [7](#pbio-0060251-e007){ref-type="disp-formula"}:
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and
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For each group of TEs, we found parameters *s* ~1~, *s* ~2~, and *p* that maximize this new likelihood function, and wanted to test whether the improvement in likelihood is significant from the value we obtained for a one-parameter model. To do this, we used the likelihood ratio test, which involves calculating
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and comparing −2\*ln(Λ) to the χ^2^ distribution with the number of degrees of freedom equal to the difference in the numbers of parameters between the two models. In practical terms, since that difference is 2, and the 95th percentile of the corresponding distribution is equal to 5.991, we need ln(Λ) to increase additively by at least 5.991/2 = 2.996 as we increase the number of parameters in our model. Whenever we saw such an improvement, we interpreted it as evidence of heterogeneity of selection coefficients within a group of TEs.

We went on to construct a likelihood model with five parameters: *s* ~1~, *s* ~2~, *s* ~3~, *p* ~1~, and *p* ~2~. Here, *s* ~1~, *s* ~2~, and *s* ~3~ are the selection coefficients of possible element subgroups, and *p* ~1~ and *p* ~2~ are the proportions of elements that come from the first two subgroups. However, the maximum likelihood value under this model never showed improvement above the threshold value of 2.996 (see above) for any of the TE groups we considered.

Finally, we estimated the confidence intervals on the selection coefficients. In case of either of the two likelihood functions above (either with one or with two selection coefficients), we calculated the confidence intervals on each selection coefficient *s~i~* by holding all parameters except *s~i~* constant, and noting the values of *s~i~* where the function drops under two units below its maximum value. This procedure is based on a likelihood ratio test, where the test statistic is the likelihood ratio of the zero-parameter (or two-parameter) model with *s~i~* fixed at the value of its maximum likelihood estimate to the two-parameter (or three-parameter) model with *s~i~* that is allowed to vary. This statistic is distributed as a χ^2^ distribution with one degree of freedom. When the difference in log-likelihoods increases above two, the likelihood ratio increases above *e* ^2^ = 7.39, where *e* is the base of the natural logarithm. This value is the 99.3% quantile of the χ^2^ distribution (corresponding to *p* = 0.007, 1 *d.f.*).

Sequencing the regions flanking the putatively adaptive insertions. {#s4e}
-------------------------------------------------------------------

Based on the sequenced genome of D. melanogaster, we designed primers in an overlapping fashion to amplify the 5′ and 3′ flanking regions of four of the insertions: FBti0018880, FBti0019065, FBti0019170, and FBti0019627 ([Table S7](#pbio-0060251-st007){ref-type="supplementary-material"}). For a particular insertion, the same set of primers were used to sequence both strains with and without the element except for the primer pairs amplifying the regions immediately 5′ and 3′ to the insertion: primer pairs FL and FL_R, and L and R were used only in the strains with the insertion, given that primers FL_R and L are designed inside the element. On the other hand, the primer pair FL and R was used to sequence the strains without the element.

Only populations from Davis, CA, and Raleigh, NC, appeared truly isogenic based on previous sequencing data \[[@pbio-0060251-b038]\]. For the rest of the strains, DNA was amplified using a proofreading DNA polymerase (Platinum Pfx; Invitrogen) and cloned into Zero Blunt TOPO PCR cloning kit (Invitrogen) before sequencing. The number of strains sequenced for each element varies between 20 and 33. For two of the elements, FBti0019065 and FBti0019170, only NA strains were sequenced, and for the other two elements, FBti0018880 and FBti0019627, both NA and AF strains were sequenced.

Coalescent simulations and statistical tests of neutrality. {#s4f}
-----------------------------------------------------------

To assess the statistical significance of the polymorphism patterns in the TE datasets, we compared several summary statistics calculated over the datasets to distributions of these statistics obtained by neutral coalescent simulations. The statistics we computed included π \[[@pbio-0060251-b102]\], iHS \[[@pbio-0060251-b008]\], and *f* ~TE~. We evaluated π over various subsets of the sequences: NA sequences, AF sequences, TE-bearing sequences, and non--TE-bearing sequences. iHS was calculated only with respect to the presence of the TE and without respect to whether a TE-bearing strain was NA or AF.

The coalescent simulations attempt to account for both the demographic history of D. melanogaster and the sample configuration, as follows. The simulations assume a demographic model derived from Thornton and Andolfatto \[[@pbio-0060251-b045]\]. In this model, the modern NA population derives from a founder population of African origin. We assume this emigration event to have occurred 0.022 *N* ~e~ generations before the present, where *N* ~e~ is the effective population size of the modern AF population. From 0.022 *N* ~e~ generations until 0.0042 *N* ~e~ generations before the present, the NA population is assumed to have size 0.03 *N* ~e~. From 0.0042 *N* ~e~ generations ago until the present, the NA population is assumed to have effective population size *N* ~e~. The transitions in NA population size at 0.022 *N* ~e~ and 0.0042 *N* ~e~ occur instantaneously. No migration occurs between the NA and AF populations from 0.022 *N* ~e~ generations until the present. The African population size *N* ~e~ is assumed to remain constant throughout. These estimates correspond to the high-recombination scenario (ρ = 10) considered in Thornton and Andolfatto \[[@pbio-0060251-b045]\].

We accounted for the sample configuration using a simple acceptance--rejection algorithm. We set the numbers of contemporary AF and NA strains to those obtained in TE-typing assays ([Table 1](#pbio-0060251-t001){ref-type="table"}). Many more strains were typed in these assays than were sequenced, which implies that the typing assays provide better estimates of the true TE frequency in each subpopulation, and this is why the typing assay values were used. Only simulations in which a derived-state allele could be found segregating in the exact numbers the TE was found to be segregating in the NA and AF population were accepted. Following this, the simulated sample was randomly pruned to match the sample configuration of the respective flanking-sequence dataset, such that the segregating site that matched the TE segregation pattern in the TE-typing assay now matched the TE segregation pattern in the respective flanking sequences. Finally, the sample was only accepted if it had the same number of segregating sites to the left and to the right, respectively, of the TE locus as in the actual sample. To improve the acceptance rate, we typically simulated conditional on some small multiple of the observed number of segregating sites, multiplying the length in base pairs of the sequence by the same value, and then truncating to the required number of segregating sites.

Coalescent simulations were conducted using the program ms \[[@pbio-0060251-b103]\]. In these simulations, *N* ~e~ was set to 10^6^, and the respective estimates of local recombination rate reported in [Table 1](#pbio-0060251-t001){ref-type="table"} were used. One thousand replicates were obtained for each locus.

Estimating allele age. {#s4g}
----------------------

We estimated the age of the TEs, i.e., the time elapsed since the TE inserted, based on the decay of linkage disequilibrium between the TE locus and "distal flanking sequences" of approximately 500 bp at loci roughly 10 kb away from the TE, using the method of Slatkin and Rannala \[[@pbio-0060251-b063]\]. Because this method requires that each distal sequence be classified as one of at most two alleles, we employed the resampling method of Tang et al. \[[@pbio-0060251-b104]\] to partition the sequences into two allelic groups. For both distal flanking sequence datasets, we performed for each of the four TE datasets, 1,000 replicates of the partition method, yielding a distribution of allele ages that accounts for the uncertainty in the partitioning. In the distal flanking alignments, any site having a gap was ignored. Primers used to amplify and sequence these regions are given in [Table S7](#pbio-0060251-st007){ref-type="supplementary-material"}.

Maximum likelihood estimation of TE population frequencies. {#s4h}
-----------------------------------------------------------

We estimated the frequency of each TE in the Australian populations and evaluated the heterogeneity of the frequencies between the Northern and the Southern populations using a maximum likelihood procedure. The Australian strains are not fully isogenized, as evidenced by the heterozygosity of many TEs for presence and absence in many strains ([Table S4](#pbio-0060251-st004){ref-type="supplementary-material"}). We assumed that each tested strain effectively contains two different haploid genomes and that different strains within a tested set come from a panmictic population. The data for each TE in each population come in the form {*m* ~1~, *m* ~2~, *m* ~3~}, where *m* ~1~ is the number of strains homozygous for the presence of the TE, *m* ~2~ is the number of strains heterozygous for the presence of the TE, and *m* ~3~ is the number of strains that are homozygous for the absence of the TE. The log-likelihood of observing such data conditional on the frequency *p* is:
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The *L*(*m* ~1~,*m* ~2~,*m* ~3~ \| *p* is maximized at the value *p̂*:
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To determine whether the frequencies in the two tested populations are different from each other, we compare the log-likelihoods of two models. Under H1, we assumed that the frequencies in the two populations are different and estimated them using [Equation 13](#pbio-0060251-e013){ref-type="disp-formula"} with the data that come from each population separately. We also calculated the two corresponding maximum log-likelihoods. Under H2, we assumed that the frequency of the TE is the same in both populations and estimate this frequency using [Equation 13](#pbio-0060251-e013){ref-type="disp-formula"} with the combined data from the two populations. We also estimate the maximum log-likelihood under H2. The heterogeneity is detected when the difference between the sums of the two maximum log-likelihood values under H1 and the maximum log-likelihood value under H2 (denoted by Δ*L*) is greater than 3.84, corresponding to the 5% critical value of the χ^2^ test with one degree of freedom. The total heterogeneity across a group of TEs is evaluated by comparing the sum of the Δ*L* values for each element with the critical values of a one-tailed χ^2^ distribution with the number of degrees of freedom equal to the number of TEs in the group.

Allele-specific expression analysis. {#s4i}
------------------------------------

We analyzed the expression of the genes close to 12 of the 13 putatively adaptive TEs. FBti0019430 is inserted in an exon of gene *CHKov1* and has been shown previously to truncate this gene and generate a new functional protein \[[@pbio-0060251-b038]\]. Consequently, it was not included in this analysis.

First, we sequenced fragments of the coding regions of the genes next to the TEs, and we searched for SNPs in linkage disequilibrium with the TE. Primers used to amplify and sequence these genes are given in [Table S8](#pbio-0060251-st008){ref-type="supplementary-material"}. For TEs FBti0018880 and FBti0019627, we used the SNPs previously discovered in this work ([Figures 2](#pbio-0060251-g002){ref-type="fig"} and [3](#pbio-0060251-g003){ref-type="fig"}). Sequencing these SNPs allowed us to distinguish between the mRNA originating from the chromosome carrying the insertion and the mRNA originating from the chromosome lacking the insertion.

Then, we established crosses between a strain homozygous for the presence and a strain homozygous for the absence of each adaptive insertion that also differ by the presence/absence of the diagnostic SNP. For each insertion, we established two different crosses: in one cross, the mother is homozygous for the presence of the element, and in the other cross, the father is homozygous for the presence of the element. The specific stocks used for each insertion are given in [Table S9](#pbio-0060251-st009){ref-type="supplementary-material"}. We used the F~1~ progeny of these crosses to check for differences in expression between the allele carrying the insertion and the allele lacking the insertion. For each cross, we collected 3--5-day-old males and females and analyzed them separately. Flies were snap frozen in liquid nitrogen and stored at −80 °C until use. Total RNA was extracted using TRIzol reagent (Invitrogen). RNA was treated with DNase to remove any contaminating DNA and purified using RNeasy mini kit (Qiagen). The concentration of purified total RNA was determined spectophotometrically at 260 nm. First-strand cDNA synthesis was performed with SuperScriptIII First-Strand synthesis system for reverse transcriptase PCR (RT-PCR) (Invitrogen). To check for genomic contamination, RT-PCR controls without retrotranscriptase were performed. Specific primers to amplify and sequence each SNP were designed ([Table S10](#pbio-0060251-st010){ref-type="supplementary-material"}). A universal sequence was appended to one primer of each set. PCR was done in the presence of 2.5 μM tailed primer, 10 μM nontailed primer, and 10 μM universal biotin labeled primer. Each sample was analyzed in triplicate.

Pyrosequencing of the PCR products was performed by EpigenDx. The use of this sequencing technique for gene expression analysis at the allele level has been shown to enable discrimination of subtle differences in transcript abundance \[[@pbio-0060251-b070]\]. The allelic ratio in the cDNA was normalized to remove systematic artifacts caused by unequal amplification or biases in peak heights due to inequality of light emission from incorporation of different nucleotides \[[@pbio-0060251-b105]\]. To do that, we used the same primers to amplify genomic DNA of the F~1~ adults. The allelic ratio in the cDNA was then normalized, taking into account the allelic ratio obtained for the genomic DNA. Significance was tested by an unpaired *t*-test since genomic DNA and cDNA come from different individuals.

Supporting Information {#s5}
======================

###### Data for the 902 TEs Analyzed in This Study

(199 KB XLS)

###### 

Click here for additional data file.

###### Estimates of the Selection Coefficients for the 11 Families Included in the Set of 21 Putatively Adaptive Elements

(17 KB XLS)

###### 

Click here for additional data file.

###### Additional Neutrality Tests for Each of the Four TEs Sequenced in This Work

(29 KB DOC)

###### 

Click here for additional data file.

###### Population Frequencies of the 13 Putatively Adaptive and Eight Putatively Neutral TEs in Two Australian Populations

(23 KB XLS)

###### 

Click here for additional data file.

###### Normalized Allelic Ratios for the Five Genes Analyzed in This Study

(16 KB XLS)

###### 

Click here for additional data file.

###### D. melanogaster Strains Used in This Study

(36 KB DOC)

###### 

Click here for additional data file.

###### Primer Pair Combinations Used to Sequence the Regions Immediately 5′ and 3′ to the Four Insertions Sequenced in This Work

(66 KB DOC)

###### 

Click here for additional data file.

###### Primer Pair Combinations Used to Discover SNPs in the Genes Located Close to Ten of the 13 Adaptive TEs

(17 KB XLS)

###### 

Click here for additional data file.

###### Stocks Used for the Crosses to Determine the Allele-Specific Expression of the 12 Adaptive TEs

(15 KB XLS)

###### 

Click here for additional data file.

###### Primer Pair Combinations Used to Amplify and Sequence SNPs in the Genes Located Close to the 12 Adaptive TEs

(17 KB XLS)

###### 

Click here for additional data file.

We thank Y. T. Aminetzach, D. Bensasson, C. Bergman, and R. Xu for technical assistance and helpful discussions; and R. Hershberg, N. Petit, and all members of the Petrov laboratory for comments on the manuscript.

**Author contributions.** JG, KL, and DAP conceived and designed the experiments. JG and KL performed the experiments. JG, KL, ML, JMM, and DAP analyzed the data. JMM contributed reagents/materials/analysis tools. JG and DAP wrote the paper.

**Funding.** JG was a Fulbright/Secretaria de Estado de Universidades e Investigacion, Ministerio de Educacion y Ciencia de España (MEC) postdoctoral fellow, ML is a Stanford Graduate Fellow, and JMM was a Howard Hughes Medical Institute predoctoral fellow. This research was supported by grants from the National Institutes of Health (GM077368) and the National Science Foundation (0317171) to DAP.

**Competing interests.** The authors have declared that no competing interests exist.

AF

:   African

EST

:   expressed sequence tag

GO

:   Gene Ontology

iHS

:   integrated haplotype score

LINE

:   long interspersed nucleotide elements LTR, long terminal repeat

NA

:   North American

TE

:   transposable element

TIR

:   terminal inverted repeat
